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Abstract In this paper we propose and analyze a new family of nonlinear sub-
division schemes which can be considered non-oscillatory versions of the 6-point
Deslauries-Dubuc (DD) interpolatory scheme, just as the Power,, schemes are con-
sidered nonlinear non-oscillatory versions of the 4-point DD interpolatory scheme.
Their design principle may be related to that of the Power, schemes and it is based
on a weighted analog of the Power, mean. We prove that the new schemes reproduce
exactly polynomials of degree three and stay ’close’ to the 6-point DD scheme in
smooth regions. In addition, we prove that the first and second difference schemes are
well defined for each member of the family, which allows us to give a simple proof
of the uniform convergence of these schemes and also to study their stability as in
[19, 22]. However our theoretical study of stability is not conclusive and we perform
a series of numerical experiments that seem to point out that only a few members of
the new family of schemes are stable. On the other hand, extensive numerical test-
ing reveals that, for smooth data, the approximation order and the regularity of the
limit function may be similar to that of the 6-point DD scheme and larger than what
is obtained with the Power,, schemes.
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1 Introduction

Subdivision schemes are recursive processes used for the fast generation of curves
and surfaces in computer-aided geometric design, as well as an essential ingredient in
many multiscale algorithms used in data compression. In some applications, the given
data need to be retained at each step of the refinement process, which requires the use
of interpolatory subdivision schemes. The so-called Deslauries-Dubuc (DD hence-
forth) subdivision schemes [6] are a well known family of interpolatory subdivision
schemes which can be interpreted as a recursive application of a piecewise polyno-
mial interpolatory tool [10, 11]. A general setting by which a piecewise polynomial
interpolation technique can be used to provide the set of local rules that defines a
subdivision scheme has been described in [10]: Assuming that x/ c x/*! are two
nested grids on R™, f !'is a set of known data associated to the grid Xl and Z[x, -]isa
piecewise polynomial reconstruction technique, new data associated to the grid x‘*!
can be generated as follows

fl‘l+1 :I[Xf+l, fl]7 for xl+1 e Xl+1- (l)

This process allows to define a recursive subdivision scheme where sequences of
values on denser and denser meshes are obtained according to the set of local rules
derived from Z[x, -]. Clearly (1) leads to an interpolatory subdivision scheme if Z
is an interpolatory reconstruction, i.e. I[xf , f l] = fl.l R fo € x’ .Form = 1and a

. . I+1 I I+1\ 1 — g l+]
binary refinement strategy, i.e. x,; = x; and x Thy! = {x; ; +1)jez, we have

1+1 I+1 l I 7l 1
i _Ile 1 =1lx;, f11=f;
I+l gp il
fZH—l - 21+1’ f]
so that values on a given mesh are "copied’ at the same location on higher resolution
levels, while the interpolatory technique Z[-, -] specifies the local rules used for the
generation of new data values.

It is well known (see e.g. [9, 10]) that the DD subdivision schemes can be written
in the form (2) with Z(-, -) a Lagrange interpolatory reconstruction that considers
an interpolatory stencil centered around the evaluation point. In general, the use of
piecewise polynomial Lagrange interpolation based on a stencil that uses / points

to the left and r points to the right of the evaluation point leads to a linear (i.e.
data-independent) subdivision scheme that can be written as

(@)

r—1
Srfai = fir S Paivt = Vi ficts s firr-) = 3 a5 firjs  f €lno(Z)

j=—1

3
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A family of non-oscillatory 6-point interpolatory subdivision schemes

Fig. 1 Oscillatory behavior of DD schemes. For each scheme S, S f is the corresponding limit function

with mask coefficients ;" that can be computed from the interpolatory rule Z[-, -]
(see [9, 10]). It is well known that these schemes lead to a Gibbs-like oscillatory
behavior when applied to discrete data with large gradients (see Fig. 1) and several
nonlinear piecewise polynomial interpolatory techniques have been considered in
the literature, within this same framework, in an attempt to construct interpolatory
subdivision schemes that avoid undesired oscillations. Examples of such schemes are
the ENO-WENO subdivision schemes [10, 11, 14, 16] or the PPH scheme [2, 4].

The oscillatory behavior displayed in Fig. 1 is typical of data-independent subdi-
vision schemes based on Lagrange interpolation, which does not preserve the shape
properties of data with large gradients when the degree of the polynomial pieces
is larger than 1. ENO-WENO subdivision schemes manage to avoid the Gibbs-
like oscillatory behavior by selecting an appropriate stencil for the interpolatory
reconstruction [10, 11, 14, 16]. Other nonlinear interpolatory subdivision schemes,
like the Power, schemes [17] or the shape-preserving schemes in [8], owe their
non-oscillatory character to the judicious use of certain nonlinear averages.

The aim of this paper is to design, and analyze, non-oscillatory 6-point schemes
that can be considered nonlinear analogs of the 6-point DD linear scheme, S3 3, in
the same sense as the Power, schemes are considered nonlinear, non-oscillatory ver-
sions of S> 2, the 4 point DD subdivision scheme. For this, we shall use a weighted
nonlinear average defined in [23] which generalizes the Power,, mean defined in [15]
and used in the design of the Power, schemes [17]. The new schemes proposed in
this paper can be written in the following general form

SN n = Scfn+ F@f)n, Vnel, Vfel®2), “

where F : [®°(Z) — [°°(Z) is a nonlinear operator, § : [*°(Z) — [°°(Z) is linear
and continuous and S is a linear and convergent subdivision scheme. The Power,
schemes and other related subdivision schemes considered in [1, 3, 22] can also be
written in the form (4), which allowed the authors to study their convergence and
stability by using the following results [1].

Theorem 1 Let Spns be a nonlinear subdivision scheme which can be written in the
form (4).

@ Springer



R. Donat et al.

The scheme Sps is uniformly convergent provided that F and & satisfy the
following conditions:

Cl. M > 0: NF (oo = M| flloo Vf el
C2.3L>0,0<T<1: ||<SS/L\/(f)||oo§T||8f||Oo Vf el®Z)
The scheme Sy is (Lipschitz) stable, i.e. 3C > 0 such that

IS4 f = Sicgllos <CIf — gl Vfig €1¥(@), Yjz0, (5
provided that F and § satisfy the following conditions:

SI. IM > 0: NF) = F@lloo = MIIf — glloos Vf. g el™ (L)
§2.3L >0, 0<T < 1: [[8S{(f) = S{(@llos < TIS(f = &)llos Y. 8 €1%(Z)

Remark 2 1If a scheme of the form (4) is convergent, the smoothness of the limit
functions S37 f, f € lso(Z), may be related to the smoothness of S7° f. In particular
it can be shown (see [12, 17]) that if S, is C"~ convergent! then Sy is at least C*~
. TS log, (T)

convergent with s = min{—==3=—=, r}.

The new schemes proposed in this paper share other features with the Power,
schemes. For both families of schemes the linear operator in Eq. 4 can be considered
as 8§ = V2, where

VOn = for1—fn, V" =" 1=V o, m=1, nel,
and the subdivision schemes are defined by piecewise smooth functions that are
globally Lipschitz.

The paper is organized as follows: in Section 2 we provide an explanation of the
non-oscillatory character of the Power,, schemes which can be used as a design tool
to obtain new families of non-oscillatory 6-point interpolatory subdivision schemes.
These shall require a nonlinear analog of the Power, mean, the Weighted Power,,
proposed in [23]. The new families of 6-point schemes are defined and analyzed in
Section 3. In this section we examine the polynomial reproduction properties and
the existence of difference schemes, as well as the convergence and approximation
properties of the new families of schemes.

Section 4 is devoted to the issue of the stability of the new schemes. In Section
4.1 we study the Weighted Power, mean, and its Generalized Gradient, an essen-
tial ingredient in the application of the theory developed in [19] for the study of the
stability of a nonlinear scheme. The limitations of this theory in the study of the sta-
bility of the proposed schemes are analyzed in Section 4.2. In Section 5 we study the
stability issue from a computational point of view, and also present several numeri-
cal examples that illustrate our theoretical results. We close in Section 6 with some
conclusions.

IFor0 <r <1,C" isthe space of bounded continuous functions satisfying |F (x) — F (y)| < C|lx —y|,
Vri <r,V¥x,y € R, |x —y| < 1, with C > 0 independent of x,y. Forr > 1,r = p+ 8, p € N,
0 < B < 1,itis required that FP € CB~,

@ Springer



A family of non-oscillatory 6-point interpolatory subdivision schemes

In addition, the relation between the Generalized Gradients of the piecewise
smooth functions that define a nonlinear scheme, and the contractivity of such
scheme is carefully explained in an Appendix to this paper.

2 Nonlinear averages and Non-oscillatory schemes

The Power ), interpolatory subdivision schemes [17, 19] are binary interpolatory sub-
division schemes for which the generation of new data values (at odd points) is given
by the following rule

where
X =Yy
x+y

1 1
Sty Mokt = Y1, fats fos fors for2) = 5 U+ far) = GHH(V2 fuo, V2D (6)
_sgn(x) +sgn(y) |x + y| (1 3

p
Hy(x,y) = > > ) (N

is the so-called Power, mean [15], a nonlinear function that satisfies (see [15, 17] for
details)

(@Hp(x,x) =x, (b) min{|x|, [y]} < [H,(x, y)| < min{max(|x], [y]), p min(|x], [yD}. (8)

It is straightforward to see that yr> 5 in Eq. 3 can be written as

1
Ip2,2(fn—l» fna fn+la fn+2) = E(fn + fn—H)

1 ) ) 1 1
_gave%’%(v fl’l—lvv fn)v aVe%’%(x, Y)— §x+5y (9)
The obvious similarity between Eq. 9 and Eq. 6 makes the Power, schemes nonlinear
versions of the 4-point DD scheme. In addition, if f = (fi)iez, fi = F(x;) with
F(x) a smooth convex function, and X = {x;} an A-uniform grid, it can be proven
that

S22 = SH, flloo = ORP?). (10)

This property is obtained from the following relation (see e.g. [17]), which holds for
x-y>0,p=>1

1 jx—yl?

RS "

|ave%’ 1(x,y) —Hp(x, y)| =

(S]]

On the other hand, as shown in Fig. 2, the behavior of Sy » when refining discrete
data with large gradients is quite different from that of S, 7. In what follows, we give
an explanation of the lack of oscillations observed in Fig. 2 which may be used to
design 6-point nonlinear analogs of S3 3, the 6 point DD scheme. The starting point
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Fig. 2 Non-oscillatory behavior of Power), schemes, SHV, for p = 2,3, compared to the 4-point DD
scheme, S7.2

in our construction is the following relation,

r—1/2 1—1)2
R ] Si—1.r, lLr>1 (12)

which follows from Neville’s Algorithm for Lagrange interpolation (see e.g. [13]).
Moreover, it is not difficult to see that we can write, for/ +r > 1

Sty =S11+ Ly, oV, (13)

where £;, is a linear operator such that (£, f)2, = 0, due to the interpolatory
property. For the two schemes below

1 1
(52,1 )2n+1 = (S1,1 2041 — gvzfnfly S1,2) 2041 = (S1,1 )2n+1 — §V2fn,

(14)
hence
(L2,1 f)on+1 = _%fn—l (L12f)on41 = _éfn-
From Eq. 12, forl = 2,r = 2, we get
$20= 3501+ 3512 = S bavey | (L120 ¥ La10 VY (19)
while for Sy, in Eq. 6 we can write
Sh, = S1.1+Hp(L120 V2, Lo1 0 V7). (16)

Taking into account (15) and Eq. 16, the behavior of the S>> and SHp schemes
may be explained in terms of the interpolatory stencils associated to the schemes 7 |
and S 2, shown in Fig. 4.

It is a well known fact that any Lagrange-type interpolatory technique suffers an
O(1) accuracy loss as soon as the interpolatory stencil crosses a discontinuity. The
data in Figs. 1-2 correspond to f; = F'(x;),i € Z, F (x) smooth except for an isolated
discontinuity 6 € (x,,, x,+1). For these data

Vifi =OWM?), j#m—1,m, V2 1 =O1) = V2 fy,.
Since

ave1 1 (O(h"), O(h*)) = OR™nC9)y, r>0,s>0, O<h<l1, (17

°2

(S]]
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Fig. 3 Gibbs-like oscillatory behavior of S; 2, S2,1 schemes

we get (see Fig. 4)

(S22)2j+1 = (S11f2js1 + OHY)  jg{m—1,mm+1}, (18)
(S2.2f)2j+1 = (S1.1f)2j41 +O1) je{m—1,mm+1). (19

The values (S22 f)2+1 are displayed as x in Figs. 1-2, and the O(1) perturbations
in Eq. 19 are clearly visible in Fig. 2 at the intervals adjacent to the one containing
the discontinuity. After repeated application of the subdivision scheme, they cause
the oscillations observed in the limit function, Sé’f’z f-

On the other hand, since min{|x|, |y|} < [Hp(x, y)| < pmin{|x], |y|} for xy > 0,
we may write

N (L210V2 o j=m—1 _ | (21 f)ajp1 j=m—1

Sy Dajer = Sr1fajer + { (L120Vflonp1 j=m+1 { (S12f)2j4+1 j=m+ 1.
Thus, the behavior of the Sy, schemes at the intervals neighboring the singularity
is closer to the behavior of the S; , scheme, (I, ) = {(1,2), (2, 1)}, which uses a
stencil that does not cross the singularity, see Figs. 2, 3 and 4, which is, ultimately,
the reason for the lack of oscillatory behavior.

We would like to proceed in a similar manner in order to limit the influence of
schemes with singularity-crossing stencils for the 6-point DD linear scheme. For S3 3
we may write

R N SN NI OGP Y0 N TR
3,3—22,3 23,2—283,1 82,2 7'8 1,3 82,2'

The stencils associated to the schemes S>3 and S32 would not allow to avoid
oscillations at all intervals neighboring a singularity in the data. On the other hand,

Sa1
o 42
o o * o o
nt t__>oH 1

S1,2

Fig. 4 ¥ evaluation point, o points in S, >-stencil. Discontinuous lines: stencils for Sy 2, Sy,
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o Ss1
A n-1 n 1 n+3
o * o o
n-2 ol n42 4
S
ol

Fig. 5 % evaluation point, o points in 53 3-stencil. Discontinuous lines: stencils for Sy 2, S13y 531

given the distribution of the stencils for 3 1, 51,3, 52,2 shown in Fig. 5, we conclude
that it might be possible to design non-oscillatory versions of the S3 3 scheme by
considering nonlinear analogs of the linear averages involved in Eq. 20 that allow
us to remain closer to the S; » scheme whose interpolatory stencil does not cross the
singularity. For the general weighted average expression

ave, p(x, y) 1= ax + by, 0<a,b<l, a+b=1, 21
we may consider the Weighted Power, mean proposed in [23].

Definition 3 Weighted—Powerp mean [23]. Letbea > 0, b > Osatisfyinga+b =1,
and p > 1. Then, Vx, y € R.

. lx — y|?
Wp,a,b(xa }’) = sgn(x, y) |ax+by|(l— (M—i—%)(M—i—Olm)p_l ’ (22)

where M = max{|x|,|y|}, m = min{|x|,|y|}, « = max{a, b}/ min{a, b},
sgn(x, y) = y(sign(x) + sign(y)).

It is proven in [23] that W, ; »(x, y) generalizes the H,, mean. Indeed, it can be
easily checked that

Wpapx,x) =x, Wpap(x,y) =Wppa(y,x), W (x,y) =Hp(x, y).

(23)

11
P35

We recall next some of the properties of W, 4 5 (x, ¥) in Eq. 22. The reader is referred
to [23] for the proofs.

Proposition 4 The function Wy, 4 (x, y) in (22) satisfies the following properties.

I .
(@) [Wp,ap(x, y)| < lax +by| (b) &mm{lxl, Iy} < IWpap(x, Y)I < pamin{lx], [yl}. (24)
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3 6-point Nonlinear, Non-oscillatory schemes

Taking into account Egs. 20 and 13, we can write

$33 = Si1 +aves s(ave (L130V2 L3110V, L2270V, (25)

0=

=

3
3

833 = S1.1+ ave% %(ave% %(ﬁl_:; o Vz, Lo20 Vz), ave%’%(ﬁll o VZ, L2720 Vz). (26)

where it can easily be shown that

1 1
(L3,1)2ms1 = _R(_fn—2 +3fu-1), (L13f)owmt1 = _E(an — fut1),

1
(L22f)ons1 = —R(fnfl + fu)-

We may obtain two families of nonlinear 6-point schemes simply by replacing each
linear average by the appropriate nonlinear mean (recall that W p AL = Hp).

8
SHW, , = S11 +H;(W

SWH, 4 = Sii+W, 5 s(Hy(Li30 V2, L310V?), L220V?), (27)

(L130V2% L220 VAW 5 5 (L300 V2, L2207?).(28)

P33 Pi
Because of Eq. 24-(b), these schemes remain closer to the subdivision scheme with
the least oscillatory behavior, hence they are expected to display a non-oscillatory
behavior similar to that of the Power,, schemes, see Fig. 6.

In addition, since these subdivision schemes can be written as a nonlinear pertur-
bation of the monotone S ; linear scheme, many of their properties can be analyzed
with the same tools used in [19] for the Power,, schemes. We examine next the poly-
nomial reproduction properties of these families of nonlinear subdivision schemes
and the existence of difference schemes.

L of

N 33,3

oo H

08

. 07 L L L L L .
0.55 0.25 03 035 04 0.45 05 055

Fig. 6 Non-oscillatory behavior of SWH,, ;. For each scheme S: Crosses denote Sf. Lines denote S f
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3.1 Polynomial reproduction properties and difference schemes

Throughout this section, we denote by I the set of polynomials of degree < k, and
by 1 the constant sequence givenby 1; =1, i € Z.

Proposition 5 The schemes SWH, 4, SHW, |, reproduce exactly T13.

Proof Since S3.1, S22 and S 3 reproduce I3 exactly, we have that for P € I13 and
f=r |Z

(83,1 )2n41 = (822 )2n41 = (S1,3 )1 = P(n+1/2), Vnelk

and, from Eq. 13, (£3,1(V2 f)2nt1 = (L22(V* Nons1 = (L13(V? f))2n41. Since
W[J,a,b(-xﬂ -x) = )C, va q Z 1

(SWHp ; f)ont1 = SHW, pont1 = SuiHatt — L22(V2F)ont
= (822 )2mr1 = P(n+1/2). O

In the linear case, the relation between exact polynomial reproduction and the
existence of the associated difference schemes SU with S101 = § and V!'S = sl1v!
is well known [20]. As observed in [19], offset invariance [18] is the right concept to
characterize the existence of difference schemes in the nonlinear case.

Definition 6 [19] A binary subdivision operator S is offset invariant (OSI) for ITg
if for each f € [y (Z) and any polynomial P(x) € II,, m < k there exists a
polynomial, Q, of degree < m such that

S(f+Pl)=Sf+P+ Q| y

Schemes of the form (4) with 8 = V¥ are offset invariant for IT;_;. To check this,
let P(x) € Mi_. Since VX(P|,) = 0, we have V f € loo(Z)
SN(f + Ply) = Se(f + Pl + F(VE) = Se(f) + Plyoiy + F(VES)
= SN(f) + P|2—lz~
It is proven in [19] that offset invariance for I1; guarantees the existence of the
difference schemes S " for I < k + 1. Thus the new families of nonlinear subdivision
schemes are offset invariant for IT;, which guarantees the existence of the first and
second difference schemes. For the families in Eqs. 27-28, these schemes can be
easily computed by elementary means. Introducing the restriction operator (m < n)

X loo(Z) — Ry a(F) = (Fs frntds -+ )

and the functions L;, : R* - R

L31(x) = —x1+3x2,  Lao(x) = xo+x3, Lis(x) =3x3—x4, x=(x1,x2,%3, 1) € R,
so that
1 .
L1y Honyr = _T6Ll” © Xn—2.n+1f (,r)=(1,3),3,1),2,2),
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we can write V£ € [ (Z),

{ (SWHp,qf)Zn = Jn 29)
(SWHp,qf)ZrH»l = (S],l .f)2n+l + Gp,q o Xn72,n+1V2f
with
Gpqx) = —11—6Wp,%,% (Hg (L3,1(x), L13(x)), L22(x)) . (30)
From Eq. 29, it can be easily deduced that
SWHRLw)on  =2Gpq 0 Xn—2ns10,
o w, 31
(SWHp,qw)2n+l = 7 + Gpg o Xn-—2n+1W+ Gp g0 Xn—1nt2W.

We obtain a similar result for SHW, ,, substituting G, 4 by Ry,

Ryp@) =~y (W, 5 5 (L3 (0, Lao) W, 3 5 (L1300, L2a(@)) . (32)

P33

We remark that the new schemes reproduce exactly I13, however they are only
offset invariant for IT; and, hence, difference schemes S*! do not exist for k > 2.

3.2 Convergence

As observed in [19, 22], the existence of difference schemes may be very helpful in
proving the convergence of a nonlinear scheme. Since § = V2,

88t = v2gsh—! = gllv2gt=t — (sBPhLy2, (33)
so that C2 in Theorem 1 is equivalent to the following condition
IL>0,0<T <1: [N Nlle < TlIflle  Vf€I®@). (34

Theorem 7 The schemes SWH, , and SHW, , are uniformly convergent, for all
gzl

Proof We shall check the conditions in Theorem 1. To check C1, we need to find a
uniform bound for the non-linear functions G, 4 and R, , in Egs. 30, Eq. 32. Using
Eq. 24-(a) we get that Vx € R*

1

3 5 11
1GpgI = 1e1gHg(L31 (), L13(0)) + gL2o()] = o [Ixlleo
I 1 1 11
IRy p O = 7615 Wyi3 (L3,1(x0), Lop(x)) + W3 (L13(x0), Lop()) ) | < &1 1¥llco-

To check C2 we consider its equivalent formulation (34). For even indexes,

ISWHDL )0l < 5l flloo [SHWE 1501 < 11 f1loo-
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using the previously computed bounds. For odd components we get

1 11 27
max{|(SWHY, Mantil, SHWL, Fautl} < 11 flleo + a(nfnoo + ||f||oo) < 351/ lleo-

Hence,

2] 2] 27
O

Remark We notice that the bound in Eq. 35 implies that for § = SWH,, ,, SHW, ,
and f € Iw(Z) the limit function S®f is at least CF~ with g =

min{— log, (%) , 1} =~ 0.2540. This result appears to be suboptimal, since all

numerical evidence suggests that S f € C!~.
3.3 Order of accuracy

The order of approximation of a subdivision scheme measures the approximation
properties of the recursive process when applied to discrete data coming from smooth
functions.

Definition 8 A convergent subdivision scheme S has approximation order r if
15%f° = Flloo < DI (36)
when fl.o = F(ih),i € Z for any F (x) sufficiently smooth.

For a given subdivision scheme, the order of approximation after one iteration is
usually much easier to obtain.

Definition 9 Let S be a subdivision scheme that satisfies

max | fyig — FGh+h/2)| <Ch", C <o0 (37)

with f! = Sf0 and fl.0 = F(ih),i € Z for any F(x) sufficiently smooth. Then r is
called the order of approximation after one iteration of S.

Obviously, the order of approximation after one iteration of interpolatory subdi-
vision schemes based on Lagrange interpolation is at least as high as that of the
interpolatory reconstruction used in its design. We notice that Eq. 10 implies that the
order of approximation after one iteration of the Power, schemes is at least 4, when
refining smooth convex functions and p > 2, since

ISH, f = Flo-1zllee < ISk, f = S22 flleo+ 15221 = Fly-1jz]le0 = O(h*). (38)

For the schemes defined in this paper, we can also measure how close the new
schemes are to the 6-point DD scheme for smooth convex functions.
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A family of non-oscillatory 6-point interpolatory subdivision schemes

Remark 10 We know that if f; = F(ih) and F(x) is smooth and convex, (sz)i do
not change sign. We can show, by straightforward Taylor expansions, that

(L1, V2 f)i = 2F" >+ F" iyl +0 (%) (1, r) € {(1,3), 3, 1), (2,2)} (39)

hence we also expect that, for smooth convex functions and 4 small enough,
(Lil,rV2 /)i will not change sign either.

Proposition 11 Let F : R — R a smooth function, and f = {F(ih)}iez.
If (El)rvzf)n have the same sign Yn € 7, (I,r) € {(1,3), (3, 1), (2,2)}, and
|[F"(x)] > p >0, x €R, then

11533 f = SWHp g flloo = O(") = [|S33f — SHWy,p flloo, r=min{2p + 2, 3¢ +2}.

Proof Notice that

(S35 ns1 — (SWHy g Danst =~ (aveq 5 (avey 1 (6,0.7) =W, 3 3 (Hy(r.2).))

with
x =3V = Vifaa, Y=V + Vi, =3V - Vif
Since F is a smooth function, the Taylor expansions in Eq. 39 show that x, y, z
are O (h?) and non-zero, provided that £ is sufficiently small. Since (24)-(b) ensures
that W, 5(O(h"), O(h*)) = OH™™")), we have that Hy(x,2) = O(h?),
Wp.ap(x,y) = Oh?) =W, 45(y, 2). We write

ave ave X, 2), - W
¢ (vey 4 50005) =W,

3, 23 (Hy(x,2), ) = Z1(x, 3, 2) + Za(x, 3, 2)

with

Zi(x,y,2) = ave

2°2

3 (avel 1 (x, 2), y) —aves s (Hq(x,z),y) = %(avelyé(x,z)—Hq(x,z))
Zy(x,y,2) = aves s (Hq(x, 2),Y) —Wp,%,% (Hq(X, 2), y)-

Notice that (using Taylor expansions, when necessary)

X =2z

x+z

3V2 furt = V2 fua =3V + V2 g1 = =V fu o + VA1 = V2 fn = O(0)
3V2 fut = V2 fra +3V2 f = V2 fri1 = O(H?).

Hence, assuming without loss of generality that x, z > 0, Eq. 7 leads to

3 |x—z/?

21007, 0 = (g T = OR¥1+?),
For Z>(x, y, z), denoting s = H),(x, z) and using Eq. 22, we get that (s, y > 0),
Za(x,y,2) = aves (s, 1) = Wpap(s, y) = <3s - §y> b
538 @ 8 8 ) (M+im)(M + Fm)r—!

(40)
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with M = max{s, y}, m = min{s, y}. Notice that s = O(hz), hence
avey s (5,y) = O(h?*), M =min{s,y}=00h?, m=max{s,y}= 0(h>).

Moreover,
_2 _z|4
s—y=Hy(x,2) -y = 25 — J =L — O + O,
because

X2t z= -V VR + Vi = Vi =V — Vi = Vi = 00,
Since 4 < 3g + 2 for g > 1, we may conclude that
Z2(x, v, 2) = O(hH) O (h*P~2P) = O (WP 1),

from which we deduce the desired result for the schemes SWH, ;.
For the SHW, , family, we proceed in a similar way. Assume x, y,z > 0 and
write

(833 )2n+1 — (SHWq p ons1 = —1g(V1(x, ,2) + Ya(x, ¥, 2))
with

5 (2, y)) —avey | (Wp%

Yi(x,y,z) = ave1 | <ave% %(x,y),ave‘ H

11 3
2°2 8

1 1
= —(aves s(x,y) — (x,y)) + s (aves s(z,y) —
2 88 2 8§38

35
P33

V(e y.2) = avey y (W, 3 5 (0. W, o (@) = Hy (W 3§(x,y),Wp%,%(z,y)))-

As before, it is easy to deduce that
x—y ==V =00, x+y=0h?,
2=y ==V =00, z+y=00).
Hence, for x, y, z > 0, using Eq. 22 and proceeding as in Eq. 40 we get,

5 5(x,y) = O(h*PT2) =avey s(2.5) =W

aVe§ i(st)_ p,,

g(z y).

03
'8
Thus Y1(x,y,2) = 0(h2p+2) (notice that the two terms of the 1 o average in Y;
have the same sign).

For Y>(x, y, z), we use that W, 4 : R > Risa Lipschitz function (see next
section), hence

W, 250 =W, 5 5@y < Lix =2 = OG) 1)

being L the Lipschitz constant of W 3 5. Then, defining u := W 03,3 (x,y),v:=
*8°8 °8'8
Wp 3 5(2 y) and noticing u, v > 0 v,z >0and u = O (h? ) v, we have,
BN
using Eqs 7 and 41,
1 Ju—vl? O (h7) 3042

Valx.y,2) =avey y (e 0)=Hy (00) = 5= 2T = Gy = 0T
from which we deduce the desired result also for the schemes SHW, . O
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Corollary 12 Under the same conditions as in the previous proposition

[ISWH g f=Fly-1pzllec = O ") = [ISHWy, p f = F -1z 1100, r=min{2p+2, 3g+2, 6}.

As shown in [5], the order of approximation of a stable subdivision scheme can
be deduced from its order of approximation after one iteration. The following result
from [5] holds for linear as well as nonlinear subdivision schemes and it serves also
as a motivation to study the stability of the nonlinear schemes under consideration.

Theorem 13 Let S be a convergent subdivision scheme whose approximation order
after one iteration is r > 1. Then if S is stable, it has approximation order r.

In [19] it is shown that the Power, schemes are stable subdivision schemes for
p < 3 and unstable for p > 4, hence (38) and Theorem 13 ensure that the order of
approximation of the Power,, schemes is 4, when refining smooth convex functions,
for p < 3.

In the following section we examine the question of stability for the families of
schemes (27) and Eq. 28, in order to check whether or not similar conclusions can be
extracted for the new families of schemes presented in this paper.

4 Stability of the 6-point nonlinear schemes

Theorem 1 establishes that stability follows from two facts: Lipschitz-continuity of
the operator F and contractivity of 8S/L\/, for some L > 0. When § = V2 and Sy is
offset invariant for IT; (the case of the new families of 6-point schemes), condition
S2 can be equivalently expressed as follows

IL>0,0<pu<1: [[SHEF = (SIHE gl = 1IIf = gllocs V. 8 € loo(D).

(42)
We shall see next that the second difference schemes in Eq. 31 are defined by non-
linear functions that admit uniformly bounded Generalized Gradients. In [22], this
fact was used to show the stability of a nonlinear, monotonicity preserving, scheme
by expressing the contractivity condition (42) in terms of the Generalized Jacobian
of the scheme and using Corollary 24 in the Appendix (or see [19]). However, we
shall see that this technique does not seem to be as useful for the schemes considered
in this paper.

The first step is to show that the Weighted-Power, mean (22) belongs to a spe-
cial class of continuous, piecewise smooth functions: the class of C },w (R?) functions.
Functions in this class are continuous, piecewise smooth and have uniformly bounded
directional derivatives except (maybe) at 0 € R™ and across certain hyperplanes
separating regions of C! smoothness. Directional derivatives along the separating
hyperplanes do, also, exist. For this class of functions it is possible to define a Gener-
alized Gradient using only the gradients on smooth regions. As the classical gradient
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for smooth functions, the linear map associated to any Generalized Gradient recov-
ers all directional derivatives that ‘make sense’, and satisfies a chain rule property for
the composition with Lipschitz curves. We refer the reader to [19] or the Appendix
to this paper for the definition, and the main properties, of this class of functions.

4.1 The Weighted-Harmonic mean: Generalized Gradients

Property (24)-(a) implies that W, , »(x, y) is a continuous function in R2. 1t is
obviously differentiable in the interior of the sectors in R? separated by the three
hyperplanes H; = {x = 0}, Ho = {y = 0}, H3 = {x = y}. As observed
in [19] (see also the Appendix) a Generalized Gradient for W, 4 5(x,y) can be
defined using only the gradients in smoothness regions (see Eq. A.3), provided that
certain compatibility conditions are satisfied over the separating hyperplanes. Since
Wy ap(x,y) = =W, 4 p(—x, —y), it is enough to consider the half plane y > 0.
Then, the compatibility conditions (A.2) amount to showing that

li VW, ,y) - (1, s li vw ,y)-0,H)=0, “
0#xl>r§}~>0 1,a,h(x ¥) - ( 0) 0 O#yg?ﬁo p,a,h(x y) 0, 1) 0 (43)

VWpab(x,y) - (1, 1) = (Wpap(x,x))' =1, Vd>0, (44)

lim
y>x#£0,(x,y)—(d,d)

lim VWpap(6, ) - (1L1) = (Wpap(x,x)) =1, Vd > 0. 45)
0£y<x,(x,y)—(d,d) ’ '

To check these conditions, we first notice that W, , 4 (y, x) = W, 4 5 (x, y), hence
it is enough to consider the gradients of the 1-homogeneous? function (see Fig. 7)

Oy —xr
O+ g0 +ax)r!

Op.ab(x,y) = (ax + by) (1 - ) , « = max(a, b)/ min(a, b).

A straightforward computation leads to

V‘bp,a,b(xv y) = (y, _x)pp,a,b(xa )’) + (a, b)ap,a(x» y)7
a@+ D)y —x)P Nax +by)(x(@+p— 1) + yla(p — 1) + 1))
(x + ay)?(ax + y)? '
a(y —x)?
B (x + ay)(ax + y)r—1°

Ppab(x,y) =

Up,a(x7 y) =1

Since V¢, p is 0-homogeneous, for y > 0, V@, p(x,y) = Voap(x/y,y/y) =
Vap(t, 1), t =x/y, hence

Voupt, 1) = ppap®(1, =) +npa(t)(a,b). (46)
with

2A function F is n-homogeneous if F(Ax) = A" F(x), being x a vector and X a scalar.
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Wpta,b("l"sy) =
qja,b(l‘v y)
Whpap(z,y) =0 Whp.as(@,y) = ¢b,a(y, T)
Fig.7 W, 45 (x, y) in its smoothness sectors

cp =ale+1)

1—)r~! b

pp,a,b(xa y) = Mp,a,b(x/)’)v Mp,a,b(t) = e Et)+a)(2¢z;+)l()cﬁzt+63) o =a+p-—1 s

a3 =a(p—1+1

1—1)P
Opa () = Mpa(6/) Mpalt) =1 — A
Clearly, the functions p .5 (t), t{Lp,a,5(t), are continuous in [0, 1]. Moreover,

. ) c1bes .
lim ¢ t) =0, lim 1) = , lim 1) =0,
o H«p,a,b( ) t%OMP,a’b( ) o2 [ Tlp,a( )

cicz+e3)/a? p=1

li t) = lim¢ t) = ;
tir} ,up,a,b( ) tgr} H«p.a,b( ) 0 P> 1

tlgr} Npa(t) = 1.
Taking into account Fig. 7, we observe that the compatibility conditions (43), Eq. 44,
Eq. 45 follow from the fact thatVp > 1,Va,b > 0,a+b =1,

0#)?:2%0 V¢p,a,b(x’ »)-(0,1) = tlg% _tMp,a,b(t) + bnp,a(t) =0,

lim V¢, ap(x,y)- (1L 1) = lim(l =)ppap() +(a+b)npa) =1.
#0 t—1

y>x,x,y—>d

In addition, V@, ,(x, y) is uniformly bounded in {(x,y) : y > x > 0} because
Vap(t, 1) is bounded for 0 < ¢ < 1. Hence, VW, 4 5(x, y) is also uniformly
bounded for (x,y) in any region of smoothness and, thus, W, ,,(x,y) in Eq.
22 belongs to the space C },w(Rz). From Corollary 19, W 4 »(x, y) is a Lipschitz
function. However, uniform bounds for [|[DW, 4 »(x, y)|| depend on the parame-
ters p, a, b in a more involved way than for the Power, averages. We illustrate the
required computations by examining the cases p = 1, 2.

Proposition 14 W; , ,(x,y) admits a generalized gradient, which satisfies
V(x.y) € R?

[IDWiab(x, VI =14 2(c —d), ¢ = max{a, b}, d = minfc,d}  (47)
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Proof For p =1,

a(a + 1)(at + b) a(l —1)
)= — H=1—-—=(1 .
K1.a() e N.a (D) T =t
Since @ = c¢/d,anda + b = c + d = 1, Eq. 46 becomes
at+b t
\Y t,)=c—=(, —¢ ,b).
Plas(ts ) =c =550 =0+ 2 ——(a.b)

Ifd=a <b=c, weget

(1 -1+ ——

v 1) =
Prapt 1) dt + ¢ di ¢

d,0)=(1,00 = [IVorap® DIh =1

Ifd = b < a = c, after some algebraic manipulations (notice that —d*=c— d)
we get

Véranx,y) = (1,0) + g2y (di? +2ct — ¢, —1) (48)

hence ||V 45(t, DIl1 = 1 + (d‘l:r‘j)z (dt?> 4 2ct — ¢ + 1). This is an increasing

function in [0, 1], hence

1 < IVé1,a,60, DIl = 1IV@1,a6( DIl S IVO1,a6(1, DIl =14 2(c —d)

which proves the result. O
Proposition 15 W» , ; admits a generalized gradient that satisfies ¥(x, y) € R?

1 1 1
0<D1Wrap(x,y) < . 0< DoyWrap(x,y) < = (IDW2,q.5(x, Y)II1 < 7 (49)

Proof We proceed as in Proposition 14. After straightforward manipulations we get

1
\% t,1)) = —(a, bt2 .
$2,a,6(, 1) o T a)2( )
Notice that Di¢2 4.5(t, 1) = a/(bt + cz)2 is a decreasing function in [0, 1] while
Do qp(t) = b2 /(bt + a)? is increasing. Moreover, both components are positive,
hence [[Vg2,q.5(1)Il1 = Di¢2,a,5(t) + Dag2.a.p(t) = (a + bt*)(bt + a)?, which is a
decreasing function. Hence we readily conclude

Q|-
Q| =

a < Di¢grap(t, 1) < —, 0 < Droan(t, 1) <b, 1 < IV$ap(t, DIl <

and we deduce (49) from the relations above and Fig. 7. ]

Remark 16 We may also obtain specific bounds for the components of
DW| 4.5(x,y), although the bounds are not as simple as for p = 2. It is easy to
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see that the function 1 + (di:—tci)z (dt?® + 2ct — ¢) is increasing and —=4= (—7?) is

(dt+c)?
decreasing in [0, 1]. Therefore V¢ € (0, 1)

D1¢1,4,5(0,1) < D191, 1) < D11,46(1, 1), D2¢1.ap(1,1) < Dag1.ap(t, 1) < Dahr,a.p(0, 1)

d
< =Didraplx.y) =1+ (c—d), —(c—d) < Dr¢rap(x,y) <0, ifa >b. (50)

From these bounds and Fig. 7, we may deduce general, uniform, bounds for the
components of DW 4 5(x, y).

4.2 The Generalized Jacobian of the second difference schemes

Let us consider the family of schemes SWH, , in Eq. 31. As specified in the
Appendix, in order to define a Generalized Jacobian of SWHE%{Z we need to justify
the existence of uniformly bounded Generalized Gradients for the function G 4 in
Eq. 30, which satisfy the chain rule (A.10).

Proposition 17 Let y : [a,b] — R™ be a Lipschitz curve. Then y = Gp 40y :
[a, b] — R is also Lipschitz and

7' (@)= DG, (y @)y (1) a.e. in[a, b] (51)
where, Vx € R%,

-1300
1 DH,(p) 0
DG 4(x) = _EDWP*%%(S) ( ©0.0) 1 8 (1) .;: —01 , (52)

with p = (L31(x), L13(x)), &= (H(L3,;1(x), L13(x)), L22(x)).

Proof Notice that G 4 = —%W

R3 are as follows

oy oM where ¥y : R? - R?>and M : R* —

w

5
P.g-3

ool

—-130 0
Y (x) = (Hy(x1, x2), x3), M=| 003 -1
0110
Thus,
?ZGp,qOVZW,,,g,gOVL v2:=v oy, yi:=Moy

Since y : [a, b] — R* is Lipschitz, we have that a.e. in (a, D)

1.y :[a,b] — R¥is Lipschitz and y{ (1) = My’ (1),
2.y :la,b] - RZis Lipschitz and Y5(t) = DY (y1(t))y, (1), with (see Theorem
22 in the Appendix)

D = (P ) v = e
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3. y = Wp 1300 is Lipschitz (see Theorem 20 in the Appendix) 7'(t) =
DW , 5 s (YD), ().
°8’8
Collecting all of the above we have
7'(t) = DW 33WoMoy®)Dy(Mo yO)My'(t), a.e.(0,1)
so that Eq. 52 provides an adequate definition of a Generalized Jacobianof G, ,. [

Uniform bounds for the Generalized Jacobian DG p , defined in Eq. 52 can be
readily computed. Since

1 —DiH, (p)|3DH, (p)| —DaH, (p)
DGpy(x) = —35DW, 3 3(5)( 0 ‘ R ‘ 0 ,
&= (H(L3,(x), L1 3(x)), L22(x)), p = (L3,1(x), L1 3(x)), We can write

16D1G g () = DiW, 3 s )DiHy(p),  16D4Gpq(x) = DiW, 3 5 (§)DaHy ().

16(D2Gp,q(x)» D3Gp.q(x)) = _?’DIWI,,%,%(S)DHq(p) - DZWP%,% &, 1).

Taking into account that (see [19])
0<DH,(x) <q, 0<DyH,(x)<g, |IDH,(x)|li <q, VxeR?

we have

1
[1DGpq (Ol < E(4|D1WP~ s G- I1DHg (DI +21D2W ), 3 ;(S)I) < *|D1W 3 S(E)|+ ID2W ), 5 s (©)-

3
58 P:g:3

As observed in the Appendix, the bi-infinite matrix with the following non-zero
entries Vn € Z

(DSWHEJZJLI(w))[Zn,11—2:n+l] = 2DG1},q(Xn—2,n+lw)s
(DSWHE) (W) 2041020121 = 5(0,0,1,0,0) = (DG 4 (Xn—2.011w) + DG p 4 (Xn—1.n12w))

(53)
defines a Generalized Jacobian of the second difference scheme. Then,
2 q 1
IDESWHE )20 g@)ll < ZIDIW,, 3 s @)+ 1D2W,, 3 5 @)l (54)
1
IDEWHE n 9@l < 5 + I DEWHZ a1 (w1 (55)

The strategy advocated in [22] for establishing stability relies on the relations
(A.19), Eq. A.20 and Corollary 24, in the Appendix. The desired contractivity prop-
erty (42) follows from the ability to find a uniform bound for products of Generalized
Jacobians of the second difference scheme.

Taking into account the bounds obtained previously for the generalized gradient of
the function W, 4 5 (x, ) for p = 1, 2 (these bounds are optimal for p = 2) and the
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known (optimal) bounds for H, (x, y), we display in Table 1 the values of the bound
inEq. 54 for1 < p,q <2.
Since (S represents any scheme in the family)

105 log = max{|| (DS allr. 1(DShnr1,411},

from Eq. 54, Eq. 55 and the results in Table 1, we cannot ensure ||[DS?||o < 1
for any member of our family of schemes, or, equivalently, we cannot ensure the
contractivity of the second difference scheme.

As observed in [22], the technique described in the Appendix will be success-
ful when the 1-norm of some row of the Generalized Jacobian is strictly uniformly
bounded by 1. In this case, and by carefully considering the form of the matrix prod-
ucts, it may be possible to arrive at products of Generalized Jacobians whose norms
are strictly bounded by 1. Taking into account the bounds in Table 1, it seems that
this strategy might only be feasible for p = ¢ = 1, because such case is the only
one where Eq. 54 is strictly bounded by 1. Since the task of obtaining theoretically
bounds for products of Generalized Jacobian is very involved, we examine the issue
numerically in the following section.

5 Numerical experiments

In this section we carry out a series of numerical experiments that illustrate the the-
oretical developments of the previous sections. We consider first the issue of the
stability of the new schemes, from a numerical perspective. In addition, we also
consider the smoothness of limit functions, as well as the approximation order of
the non-oscillatory 6-point schemes, comparing the numerical results with those
obtained for the Power, schemes.

5.1 Stability

To examine the question. of stability for each chosen subdivision scheme, S, we
compute the quantities C é(h) foreachj > 1,0 <h < 1,

Jm A Locics0 _ qi 40
Cy(h) =~ sup sup hllS (f"+h0) =S/ (fOI, h > 0. (56)
0 [0]loo=1

For the computation we consider a sufficiently large set of sequences f0 = { fio}
and perturbation sequences 6 = {6;}, with components randomly chosen from the

set {—1, 0, 1} (hence ||0]|lc = 1). We notice that if S is Lipschitz stable, Cé(h) <C,

Table 1 Bounds of

[IDSWHE! )2, 4111 P\ 1 2
13/16 21/16
2 52/30 92/30
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Fig. 8 Plot of Cg‘ (h), with respect to h for L = 10, S = SWH,, ; for several values of p, g

Vj > 1,Vh > 0, so that any deviation with respect to this behavior may be considered
a sign of the instability of the scheme.

Figure 8 displays C ngo(h) as a function of &, for § = SWH,, , and various values
of p, g. The plots in Fig. 8 seem to indicate that the scheme SWH, , is not stable for
p+q >3

As observed in Theorem 1, Lipschitz stability follows from the contractivity of
an appropriate power of the second difference scheme, which is a condition that can
also be examined numerically. For 4 = 1077, the smallest value of & considered in
Fig. 8, we compute

T (h) ~ sup sup %II(S[Z])/(fOJrh@)—(S[Z])f(fo)ll, h>0, (57
fO 10llc=1

in order to check if the hypothesis S2, in{its equivalent formulation (42), is fulfilled.
In Fig. 9 we display the values of TSJ (h) for 1 < j < 6. We clearly notice that
3L > 1 such that TSL(h) < lfor § = SWH, 4, (p,.q) = (1,1), (1, 2), a behav-

ior that would be obtained if these schemes were stable. On the other hand, TS] (h)
appears to grow with j for p + ¢ > 4 indicating that condition (42) is not fulfilled.

We also observe that the TS] does not grow for S = SWH 1, but it does not appear
to become smaller than one, an indication that condition (42) is only a sufficient
condition for stability.

Table 2 summarizes the observations that might be deduced from our testing pro-
cess. The same experiments were performed for the SHW, , family, with similar
results.

1 15 55 3 4

Fig. 9 Plot of (TS[Z] (h))7 with respect to j for § = SWH g = 1077 and several values of p, g
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Table 2 Stability perspective
on SWH,, ; and SHW, . v q\p 1 2 3
suspected stability. x unstability

5.2 Smoothness of the limit function

In Section 3.2 we have shown that the schemes proposed in this paper are convergent,
ie. $ f9 is a continuous function ¥ f° € Ioo(Z) for S = SWH,, ;,, SHW, ,. The
regularity of the limit function obtained from Theorem 1 (see Remark 10) seems
to be much smaller than what is observed in practice. In this section we perform a
numerical study of the regularity of the proposed schemes based on the following
observations (see [3]): Let us assume that f(x) = S f 0eCr—, San interpolatory
subdivision scheme, andr =+ 8,/ € N,0 < 8 < 1. Then,

Ok ) — O ~ el —xbHP =chl.
Since f} = f(x5), and fO Ky =~ V! fF /(! = 2%V £F/ o, we have
f(l)(xlk-‘,-l) _ f(l)(xlk) ~ 2lk(vlfi,3,_] _ V[f[k)/h() — 21kvl+1fik/h0'

Hence, we expect that

21kvl+1fik N hf 5 Vl+lfik e N ”vl-ka”oo
Do g S =2 @ Tk Y2 o r=Il+p~log T+1 £kt :
2+D VI . K., Vi f, VAT fE T oo

Therefore, in order to estimate the numerically regularity of a subdivision scheme, S,
in a given region, [a, b], we compute (for several values of /)

[
RX([a, b]) = log, (Z—?) .o =supll(VIT Ny i xF e fa b1y (58)
7

For our numerical testing process we consider fl.0 =F (x?), F(x) = e’z’“z, (x?)i
an ho-uniform grid. In Table 3 we display the results corresponding to an initial mesh
with N = 18 points in [—6, 6], so that x = 0 does not belong to the initial mesh, and
in Table 4 we display the results obtained when a uniform mesh with N = 21 points
in [—6, 6], so that x = 0 belongs to the initial grid, is used to compute f 0 (see also
Fig. 10).

The tables show that, for these examples, the global regularity of the limit function
is at least r = 1. Moreover, when x = O (the abscissa of the maximum of F(x))
is included in the initial grid, the global regularity of the limit function obtained
with the Power,, schemes is smaller than that obtained with the new schemes when
max{p, g} > 1. According to Table 3, in this case the limit function seems to be
globally C! for max{p, g} > 1. In addition, we also observe in both tables that for
(p.q) = (2,2) we get the same smoothness as for the S35 3 scheme, around x = 0,
much higher than that of the Power; scheme.
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Table 3 Regularity of S £0: ’RIS([a, b]) in Eq. 58 for § = 833, Sy, and SWH,, 4, for3 < p+¢q <4

~

1 1 1 1
833 RSWHLQ RSWH;_] RSWHZ,Z RSHZ

0.95 1.00 1.00 1.00 0.96 1.00 0.95 1.00 0.94 1.00
1.99 1.99 1.00 1.00 1.75 1.50 1.99 1.48 1.90 1.08
2.81 2.84 1.00 1.00 1.64 1.01 2.84 1.00 2.06 1.08
2.82 2.83 1.00 1.00 1.64 1.00 291 1.00 2.04 1.07
2.83 2.83 1.00 1.00 1.64 1.00 2.85 1.00 1.78 1.07

A LN = O

Left columns: [a,b] = [—0.1,0.1]. Right columns: [a, b] = [—3, 3]. Initial data and limit functions
displayed in Fig. 10, left column

5.3 Approximation order

The order of approximation of a subdivision scheme measures its ability to recon-
struct smooth functions from relatively coarse samples. Given f 0 = (F(nh)nez
where F(x) is a smooth function, we study the difference between the limit function
F®(x) = §%° fO(x) and F(x) in a given region by considering §* 0 ~ S f9 (with
L =7 in all test cases) and measuring

Es 1a,p)(h) := max{|(S" f0), — Fm27En)|, n27Eh € [a, b1} = |1S® £0 — Fllroqap)- (59)

In Tables 5-8 we display Es [4,5)(h) for different values of £, different regions [a, b]
and different functions F'(x). The tables also show the numerical order of accuracy,
ry, obtained by a least squares fit of the data (log, (;), log,(Es(h;)) for h; = ho/2!,
and a given value of hy.

The ultimate purpose of the numerical testing process is twofold. On one hand the
Tables show that, by choosing p, g appropriately, it is possible to obtain the same
order of approximation (as well as errors of a similar magnitude) as that of the S3 3
scheme. In addition, the Tables also show that, for each scheme in the family, the
order of approximation of the limit function is the same as the theoretical order of
approximation after one iteration, r; in the Tables. For the new schemes proposed
in the paper, r; is obtained in Corollary 12 for convex regions, but it can also be

Table 4 Same as Table 3. Initial data and limit functions displayed in Fig. 10, right column

IR R Rl Rl Rl

S35 SWH; » SWH; | SWH; Sty
0 0.91 1.00 1.00 1.00 1.00 1.00 0.95 1.00 1.00 1.00
1 1.99 1.99 1.69 1.69 1.44 1.44 1.93 1.93 1.00 1.00
2 2.82 2.82 1.63 1.63 1.48 1.48 2.47 1.34 1.00 1.00
3 2.83 2.83 1.63 1.63 1.48 1.48 2.58 1.27 1.00 1.00
4 2.83 2.83 1.38 1.38 1.47 1.47 2.64 1.30 1.00 1.00
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A family of non-oscillatory 6-point interpolatory subdivision schemes

Fig. 10 Limit function from coarse Gaussian data. Initial data marked with e

obtained by Taylor expansions in regions where £ , o V2 does not change sign. For
the purpose of illustration, we include the result of the algebraic computation (done
with Mathematica) for p =2, g = 2,

RS 1SFIV((2) + Dh/2)2

(SWH, 4 f)2j+1 = F(2n+ Dh/2) + M( F@) £ Dhi2)

+10FY1(2j + Dh/2)),
(60)

which holds for smooth functions, provided that (£; 0 V? f), j+1 have the same sign.
We notice further that if F is a smooth function and f; = F(x;), straightforward
Taylor expansions lead to

(L22V? lansamet = 2F" (cp)h? + (1 +2m)F" (x)h® + (3 +m +m?) F1Y (x)h* + 0 (1),
(L31V2 Pansamer = 2F" ()h? + (1 +2m)F" (x)h® + (=5 +m +m>)F!Y (x,)h* + 0 (1),
(L13V% Pansamer = 2F"()h? + (1 +2m)F" ()b + (=% +m +m>) FIV (x)h* + 0(h).

Table 5 Approximation order for Gaussian data: Eg (4,5 (h;), [a,b] = [-0.4,0.4], h; = 27hy, and
several schemes

) S$3.3 SH2 SH3 SWHl,l SWHz’l SWHZ.Z SWH3,1 SWH3,2
0 4.3e-6 2.4e-4 1.1e-4 1.7e-4 1.7e-5 6.3e-6 1.6e-5 3.5e-6
1 7.2e-8 1.8e-5 7.0e-6 1.1e-5 5.4e-7 1.0e-7 5.3e-7 5.7e-8
2 1.1e-9 1.2e-6 4.4e-7 7.5e-7 1.7e-8 1.7e-9 1.6e-8 9.0e-10
3 1.8e-11 8.0e-8 2.7e-8 4.7e-8 5.3e-10 2.7e-11 5.3e-10 1.4e-11
n 5.96 3.85 3.98 3.95 4.99 5.94 4.98 5.97

e 6 4 4 4 5 6 5 6
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Hence, at smooth convex regions (at least for 4 small enough) £; , o V2 does not
change sign. Moreover, if x, = nh is an inflection point and F"’'(x,) # O, the
formulas above show that, for # small enough and (I,r) = (1,3),(3,1),(2,2),
(ﬁ,,,VZ f)2n+m do not change sign for m > 0 or m < 0, and the calculation of r; by
Taylor expansions is feasible. This is the case of the two functions considered in the
numerical tests.

The testing process below is carried out for the family of schemes SWH,, ,. We
have also performed the same study for the SHW, , family. As expected, the result-
ing tables are similar and the conclusions are also the same, hence we omit them.
We include the errors corresponding to the S33 and SHp schemes for the sake of
comparison. An * in the Table 6 means that it is not possible to find r, by Taylor
expansions.

5.3.1 Gaussian data

We consider F(x) = e’2x2, ho = 0.1. Table 5 displays the results for the region
[a,b] = [-0.4,0.4], where F is convex and |F”(x)| > |F"(0.4)] ~ 1.04. We
observe that the estimated order of approximation of SWH,, , coincides with r;, the
order of approximation after one iteration in the convex region.

In Table 6 we display the corresponding results for [a, b] = [—1, —0.3], which
contains the inflection point x = 0.5. The Table indicates that the computed r,, coin-
cides with r; for all the nonlinear 6-point schemes. As observed above, r; can still
be computed by Taylor expansions for the 6-points nonlinear schemes. It should be

noticed that for F(x) = 2’

FIVG? e (1654 240 + 3)?
Fry 42—

which has a vertical asymptote in x = 30.5 and hence it is unbounded around the
inflection points. Since F”((2n + 1)h/2) = F"(nh)h/2 + O(h?*), Eq. 60 leads to

(SWH,, yddf)ans1 = F(2n + Dh/2) + O (1),

around the inflection point, i.e., the order of approximation after one iteration is 5 in
the non-convex region. Performing the analogous computation for (p, q) = (3, 1),

Table 6 Same as Table 5 for [a, b] = [—1, —0.3]

) S$3.3 SH2 SH3 SWH]_] SWHz’l SWHZ.Z SWH3,1 SWH3,2
0 3.1e-6 6.1e-4 5.9¢e-4 1.0e-4 1.5e-5 8.9¢-6 1.5e-5 3.3e-6
1 5.1e-8 7.7e-5 7.6e-5 7.3e-6 5.3e-7 2.1e-7 5.3e-7 5.0e-8
2 8.1e-10 9.7e-6 9.6e-6 4.6e-7 1.7e-8 5.7e-9 1.6e-8 7.4e-10
3 1.3e-11 1.2e-6 1.2e-6 2.9e-8 5.3e-10 1.5e-10 5.3e-10 1.1e-11
n 5.97 2.99 2.98 3.95 4.95 5.26 4.95 6.07

e 6 * * 4 5 5 5 6
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Table 7 Approximation order for Tangent data: E [4,5(h1), [a, b] = [0.1,0.3], h; = 27'hy and several
schemes

l $33 SH, SH, SWH; ; SWH; | SWH; » SWH3 | SWH;3 >
2 1.6e-5 7.3e-6 1.4e-4 3.3e-4 9.0e-5 2.8e-5 1.8e-5 1.7e-5
3 2.8e-7 4.8e-7 1.1e-5 2.0e-5 2.3e-6 4.5e-7 2.1e-6 2.8e-7
4 4.7¢-9 3.1e-8 7.5e-7 1.3e-6 6.9¢-8 7.6e-9 6.6e-8 4.7¢-9
5 7.7e-11 1.9¢-9 5.0e-8 1.3e-7 2.1e-9 1.2e-10 2.0e-9 7.7e-11
n 5.88 3.96 3.80 4.09 5.11 5.94 5.02 5.93

(3, 2) we find that the ’theoretical” approximation order after one iteration is 5 and 6,
respectively, also in the non-convex region.

We also remark that, in all the tables displayed, the magnitude of the errors corre-
sponding to the 6-point nonlinear schemes whose order of accuracy is 4, 5 or 6 are
similar to those of §3 3 and better than that of the Power,, schemes.

5.3.2 Tangent data

We repeat the previous study for F(x) = tan(;rx). In this case, the function is con-
vex in the interval [0.1, 0.3], and changes convexity at [—0.25, 0.25]. We consider
ho = 0.1. The conclusions are similar. In particular, the magnitude of the errors is
similar to those of S3 3, and better than those obtained with the Power,, schemes, for
SWH,, ; schemes whose order of accuracy is 4, 5 or 6. We also remark that order of
approximation of the scheme coincides with r; (not displayed in the tables). Notice
that for F(x) = tan(mwrx)

FIV(x)/F"(x) = 87%(cos(2mx) — 5)% tan(rrx) sec® (77 x)

which is a bounded function around x = 0. Hence, according to Eq. 60, the order of
approximation after one iteration of SWH,, ,dd is 6 also in the non-convex region.

Table 8 Same as Table 7 for [a, b] = [—0.25, 0.25]

1 833 SH, Shy SWH; ; SWH SWH; » SWH3 | SWH3 »
2 3.5¢-6 6.2e-5 6.2e-5 2.1e-4 2.2e-5 6.1e-6 7.1e-5 3.7e-6
3 6.0e-8 7.8e-6 7.8e-6 1.2e-5 6.1e-7 9.9¢e-8 5.6e-7 6.1e-8
4 1.0e-9 9.7e-7 9.7e-7 7.2e-7 1.8e-8 1.6e-9 1.8e-8 1.0e-9

5 1.6e-11 1.2e-7 1.2e-7 4.4e-8 5.6e-10 2.6e-11 5.5e-10 1.6e-11
™ 5.90 3.00 3.00 4.07 5.08 5.93 5.01 5.93
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6 Conclusions

We have constructed two families of non-oscillatory subdivision schemes that can
be considered nonlinear versions of the 6-point Deslauries-Dubuc interpolatory sub-
division scheme. We have studied their convergence by exploiting the (piecewise)
smoothness properties of the functions that define these subdivision schemes, follow-
ing a novel technique developed in [19]. The stability of these schemes turns out to
be more difficult to study with the techniques employed in [22] and we have explored
this issue computationally. The numerical results reveal indeed that the techniques
based on finding appropriate bounds for the Generalized Jacobian of the second dif-
ference scheme, as in [22], have no chance to succeed, except for (p,q) = (1, 1)
(where contractivity might be proven for L = 2) and (p, ¢) = (2, 1) (for L = 4).
We have also performed several numerical experiments that suggest that the
approximation properties of the new schemes can be as good as those of the 6-point
linear scheme when reconstructing smooth functions. In addition, numerical experi-
ments show that the smoothness of the limit functions obtained from convex data may
be larger than the smoothness of the limit functions obtained with Power,, schemes.

Acknowledgments The authors acknowledge support from Project MTM2014-54388 (MINECO,
Spain) and the FPU14/02216 grant (MECD, Spain).

Appendix A. Generalized Gradients and Generalized Jacobians

The schemes considered in this paper involve nonlinear functions that are continuous
but only piecewise differentiable. As shown in [22], the theory developed by Oswald
and Harizanov in [19] can be used to analyze the stability of such schemes, provided
that the functions that define them belong to a special class of piecewise smooth func-
tions, for which uniformly bounded Generalized Gradients can be defined. For the
sake of completeness, and ease of future reference, we include here the relevant the-
oretical results, including proofs, in a framework broad enough to cover the schemes
considered in [19, 22] and in this paper. We also remark that the theory of Gener-
alized Gradients has been developed in greater generality by Clarke in a series of
papers (see [7, 21]).

The C;,w(R”‘) class of functions: Generalized Gradients

The C};w(Rm) class of functions was defined in [19]. Functions ¢ : R" — R
in this class are continuous, piecewise smooth and have directional derivatives
except (maybe) at 0 € R” and across certain hyperplanes separating regions of C'
smoothness. Directional derivatives along the separating hyperplanes do, also, exist.

We shall assume that there exist a finite number of hyperplanes {H;};, 0 € H,;,
such that v is continuously differentiable Vx € R™\ | J; H; and v |3, is continuously
differentiable (as a function of m — 1 variables) except maybe at x = 0. In this context

R™\ |J; H. is the union of a finite number of disjoint open convex sectors in R™,
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which we shall denote by €2;. Therefore R™ = (Uj Q) U (UU; Hi), the sets Uj Q;
and | J; H; are disjoint, and 92 j» the boundary of €2}, is always included in the union
of the separating hyperplanes.

In addition, functions in C },w(Rm) have uniformly bounded gradients in smooth
regions, i.e.

Cyp.jy := sup sup |[V¥(p)]| < oo, (A.1)
J DPER;

and the smooth gradients satisfy the following compatibility condition on the sepa-
rating hyperplanes: Let 0 # x € Q2 C H, where Q2 is a smoothness region for
and H is one of the hyperplanes separating the regions of smoothness of yr. Then

(lim Vy(p) w=Dy@x). VOFweH (A2)
X<p

where Dy, (x) is the derivative of ¥ at x in the direction of w.

Functions in C ll,w (R™) admit Generalized Gradients. As the standard gradient of
a smooth function, the main property of a Generalized Gradient is that the associated
linear map recovers all directional derivatives that ‘make sense’ at a given point.
Conditions (A.1)-(A.2) ensure that

Vi (x) if x €  (smoothness region)

V0 R”,  Dy(0) =0
limy peq VY (p) if x € 892 Fxe v

Dy (x) :=
(A.3)

provides an adequate definition of a Generalized Gradient of ¢ € C Il,w(Rm), since
for each 0 # x € R™, D (x) defines a linear map that satisfies
Dyy(x) = Dy (x) - v (A.4)

for any 0 # v € R™ when x belongs to a smoothness region, and also for any
0#veHwhen0 #x e H.

Notice that Dy (x) in Eq. A.3 might not be uniquely defined when x belongs to
a hyperplane separating two or more regions of smoothness, if the limit in Eq. A.3
is different for different smoothness regions with a common boundary. However the
compatibility condition (A.2) ensures (A.4) for all directional derivatives that make
sense, independently of the chosen definition for the vector Dy (x).

The following results generalize some of the properties satisfied by the gradient
of a smooth function.

Lemma 18 (Generalized MVT) Let v € (C},w(Rm), x,y €ER" x £yandT =
{tx + (1 —1t)y, t € (0,1)}. Then, if ' C Q (smoothness region for ) or I' C
H — {0}, then 31 € (0, 1) such that

V() =¥ () =Dy@E)x —y), E=ix+(1-10y,
where D is a generalized gradient of .

Proof Definey : [0,1] - R™, g:[0,1] - R
y@) i =tx+ (A —-t)y=y+t(x—y), g(0) ==Y (y (). (A.5)
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Then,
gt +h) —g®) =y(y@®O+h(x—y)—v¥@®) VheR (A.6)
hence, under the hypothesis of the Lemma, y ((0, 1)) =: " C QorI" C ‘H — {0}, and

gt +h)—g
h

for any Generalized Gradient Dy and for any ¢ € (0, 1) (notice thatif x,y € H, a
separating hyperplane, then x — y € H). Since g(¢) is differentiable in (0, 1), by the
classical Mean Value Theorem (MTV)

F e D: Yv@ -y =g1)—g0) =g@=DyEx—y), (A8
withé = y (@) = fx + (1 — Dy. O

g = Jim =Dxy¥(y(®) = Dy (y (@) (x — y) (A7)

Corollary 19 Letyr € C},,(R™). Then Vx, y € R™

¥ (x) =¥ < Cillx —yll Ci =sup sup IV (p)Ih (A.9)
J PENj

Proof We consider again the straight line y(f) = y + t(x — y) and the function
g(t) = ¥ (y(t)) in Eq. A.5. Notice that y (¢) can either cut the separating hyperplanes
at a finite number of points, or belong entirely to one of them. We prove (A.9) in each
case.

Let us assume that that 0 < #; < ... < # < 1 are such that y (#;) are the cutting
points with the (finite number of) hyperplanes separating the smoothness regions of
Y. We consider fgp = 0 and ;41 = 1. Without loss of generality, we may assume
t) <t < ... < tgy1, hence Iy := {y(¢), t € (4, #14+1)} is included in one of the
smoothness regions of ¥, for/ =0, - - - , k. By the previous lemma,

gt —gm) = g'(i) = DY (y @) (y (141)—y 1)) = DY (v (@) (1 —1)(x—y), 1=0,... k.

Thus, using Lemma 18 and considering the Generalized Gradient Dy in Eq. A.3, we
can write

k k k
1Y gl — )l = 1) DY @)t —1)x = NI < D (1 — 0IDY @) (x — )l

1=0 1=0 1=0

¥ (x) = ¥ (]

IA

k k
D e = wIDY @I = Ylloo < Cillx = Ylloo I (1 = 1) = Cil1x = Ylloo.
=0 =0

since (A.1) leads to || Dy (x)||; < C1, Yx € R™, for Dy in Eq. A.3.

Let us assume now that {y (¢), t € R} C H. Then, either I' € H—{0} or 37 € (0, 1)
such that y (f) = 0. In both cases, the result follows easily from Lemma 18, using the
same arguments as before. O
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The following result establishes that the chain rule holds for the composition of
C lljw (R™) functions with Lipschitz curves.

Theorem 20 Let y : [a, b] — R™ be a Lipschitz curve, ¥ : R™ — R a function in
C},w(Rm) and D a generalized gradient of . Then y = Yy oy : [a,b] — Ris
also a Lipschitz curve, and

7)) = DY@y )  ae in(a,b). (A.10)

Proof The curve y is Lipschitz because both y and y are Lipschitz. Let A, be the
set of points where y is not differentiable and A; the corresponding set for y. Notice
that both sets have zero measure, since Lipschitz functions are a.e. differentiable.

Since R = ((J; Hi) U (U; ;) it follows that [a, b] = (; H)) U(U; 2,) U 0,
where

Hi={r €la,bl,0#y(@) € Hi}, Qji={relabl:y1) e}, O={telab]:y@) =0

Let us denote by E; the set of isolated points in H; and F the set of isolated points
in O. These sets are countable’, hence (Ul- E;) U F is also countable. Therefore
B =A,UA; U(lJ; Ei) UF is also a set of zero-measure. We shall check that (A.10)
holds V¢ € (a, b)\B. Notice that V¢ € (a, b)\B both p’(r) and y’(¢) exist, since
t ¢ A; N A,, and can be computed as

y(tn) =7 (@)

7@ = tim Y ZYO gy iy V0 YO (A.11)
n—o0 th —t n—00 t, —t
for any sequence {t,}, such that 7, — ¢.

Let us assume that ¢ € S~2<,~\B and let {#,} be a sequence such that t, — ¢. Since
y is continuous, y(t;) — t. Moreover, y(#,) € 2; for n large enough, because $2;
is an open set. Since €2; is convex, I';, C Q;, where I';, is the segment joining y (t,,)
and y (t). Hence, for n large enough, using Lemma 18 we can write

V() — 7 () = DY (En)(y (1) — v (1)), &n € Iy (A.12)

Since y (t,) — y(t), we have that §, — y(¢). In smooth regions, any generalized
gradient must be uniquely defined as D (x) = Vi (x). Since W|Qj € Cl(Qj), we
have that

Tim Dy (&) = Dy (y (1), (A.13)
Hence,
7' = tim YO ZTO i py ) YT 2 py )y,
n n (A.14)

Let us assume now that 7 € #,;\B, with H; one of the separating hyperplanes.
Since t ¢ E;, 3t, — t, 1, € H,;. Since y (¢) is continuous and y (¢) # 0, we can also

3If x € E is an isolated point, 3V, open, such that V, N E = {x}, and R is a second-countable space.

@ Springer



R. Donat et al.

assume that I';;, C H;\{0} and, by Lemma 18, we get (A.12). Notice that Eq. A.13

also holds, because of the requirement that |7, is continuously differentiable (as a

function of R”~! variables) in #\{0}. Hence, Eq. A.14 also follows in this case.
Finally, let us assume that r € O\B. Since r € O\F, 3, — ¢, y(t,) = 0. Then

7' = lim v —y®) = f(t) =0=Dy(y(®) lim Y) = y@) — ;/(t)
since y (t,) = y(¢t) and y (t,) = y (¢). O

The chain rule (A.10) turns out to be the key property for our purposes. The next
result shows that this property is also satisfied by a possibly wider class of functions.

Corollary 21 Let y € C'(R™), M : R? — R" q linear map and y : [a, b] — R?
a Lipschitz curve. Then the curve y := ¥ o M o y is also Lipschitz and satisfies

7'(®) = DYy (My@)My'(t) a.e.in(a,b)

Proof Note that yy := Moy : [a, b] — R™ is continuous and y,,(t) = My'(t) a.e
in (a, b). Hence, the result follows from applying Theorem 20 to i and yy,. O

This result allows us to write D(yr o M)(x) = DYy (Mx)M as a Generalized

Gradient of W o M when ¢ € C},w (R™). Notice that ||D(yy o M)(x)]|| is also uni-

formly bounded. Hence, we may also associate the notion of Generalized Gradients
to certain functions, related (by composition) to C Il,w (R™) functions.

Generalized Jacobians

The notion of Generalized Gradient leads, in a rather natural way, to that of Gener-
alized Jacobian for functions ¥ : R" — RP, ¢ = (Y1, ..., ¥)), ¥i € C};w(Rm)_
As in the smooth case,

Dy (x)
Dyr(x) = :
Dy, (x)
provides the definition of a Generalized Jacobian of { at x € R™. Obviously, the

definition may not be unique, but, as stated below, the linear maps associated to such
matrices also satisfy the chain rule for the composition with Lipschitz curves.

Theorem 22 Let y : [a,b] — R™ be a Lipschitz curve, ¥ : R" — RP, ¢ =

(Y1, -+, ¥p), a function such that ; € C[l,w R™) and D a generalized Jacobian
of Y. Then y = oy is also Lipschitz and
7@ =Dy (y@®)y' (@), a.e.in (a, b). (A.15)
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Proof Since y; = ¥ o y, it is Lipschitz and Eq. A.15 holds a.e. foreach 1 <i < p.
Hence

PO =Dyiy®)y ), Yrela, b\, — 7@ =Dyy®)y ®, Vrela,b\|Jh

since Ui I; is a null set. Hence the chain rule is valid a.e. in (a, b). ]

In [19], the authors extend the notion of Generalized Jacobian to any scheme S
that is defined by functions in C };w (R™). For binary schemes

{ (Sf)Zn = l/fO(fnfp’ (R fn+p)
(Sf)2n+l = Wl (fn—p’ ERR) fn+p)

such that Y € C}, (R**Y), k = 0,1, a Generalized Jacobian of S at f € ln(Z),
DS(f), is defined as the linear operator associated to the bi-infinite matrix whose
rows have the following non-zero components

(DS(f))[ZnJrk,nfp:nerJ = Dl/fk(fnfp, ceey fn+p)a k=0,1, Jj€ Z, (A.17)

where D is a generalized gradient of the function ;. We notice that V f, g €
loo(Z), k =0, 1

(A.16)

[(DS(f)&)2n+k| = |Dw1<(fn—p ~~~~~ fn+p) ‘(gn—p ----- gn+p)| = HDWk(fn—ps cees fn+p)||l||g||oo
hence DS
IDS(f)lloo = sup 12580 gt iy
20 gl

with C;” ¥in (A.1). The following result generalizes Theorem 22.

Theorem 23 Let S be a scheme of the form (A.16), Y € C,,(R*PTY), and let
y : la, b] — I (Z) be a Lipschitz curve®. Then y=Soy:la,b]l > Ix(Z) is also
a Lipschitz curve, and

7' () =DS(y®)y'(t)  ae on (a,b). (A.18)

Proof In each coordinate we have
V2jt+k = (SY)2j+k = Yk © Xj—p.j+p O V>
with xpm f = (fa, .., fm), n < m. Since ¥ is Lipschitz, we have that

1724k () = V2j4kDlloo = Lyy 1(Xj=p.j+p 0 YIS = (Xj=p.jtp 0 V) Dlloo
= Lylly(s) =y (Olloo < Ly Lyls — 1],

Yy = {yiliez withy; : R > Rand |y;(x) — ;)| < Ly|x — y,Vx,y € R, Vi € Z.
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where L, denotes the Lipschitz constant of each function involved. Therefore, each
component of y is a Lipschitz curve and

17(s) =¥ (@)lloo = sup|y;(s) — Vi (t)] < max{Ly,, Ly, }L,[s —t].
i€Z
Since the countable union of sets of zero measure has zero measure, Eq. A.18 follows
as in Theorem 22. O]

Obviously, the last two theorems apply as long as the functions ¥; admit uniformly
bounded Generalized Gradients, D;, satisfying the chain rule (A.10).

The study of contractivity via Generalized Jacobians

Theorem 23 allows to study the contractivity properties of the powers of subdivision
schemes that are defined by functions in C lljw (R™) (or, in general, by functions that
admit uniformly bounded Generalized Gradients satisfying the chain rule (A.10)) by
the following argument, sketched in [19]:

Given f, g € l5(Z), define recursively yj 1[0, 1] = [0 (Z) as follows

V0 =tf+(U-ng. Y@ =Soy/T), j>0.
Notice that (y%)'(r) = f — g, hence y/ is also Lipschitz and
@@ = DS a0y =...
= DS/ ' O)DS (@) - DSGP) ) (1), ae.in (0, D).
Hence, since y/ (1) = S/ f, y/(0) = S/g,V j > 0 we can write

Sif—8lg=y/(1H)—y/(0) = /0 DS/ aNDS( (@) - DS (f—g)dt, (A.19)

. . 1 .
1S f = S/glleo = (/0 ||H]j<;(])DS(Vk(t))||oodt>||f_g||oo~ (A.20)

From Eq. A.20, we easily deduce the following contractivity result, which has been
used in [22] to prove the stability of a monotone nonlinear scheme.

Corollary 24 Let us assume that 3L > 1,0 < u < 1s. . Vfy, ..., fL € lo(Z),
T2y DS(f)llso < i, then S* is contractive.
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